Infections of the central nervous system (CNS) occur in two fundamentally different tissue compartments: the leptomeninges (meningitis) and the brain parenchyma (encephalitis). While the blood--brain barrier (BBB) ordinarily deters the invasion of microorganisms into both sites, it also excludes most circulating leukocytes and antibodies, thus making the CNS uniquely susceptible to infection when invasion does occur. Intrinsic cells of the CNS have tightly regulated immunological function, and substances present normally within the brain can have immunomodulatory effects. In general, successful immune responses to neurological infections must overcome these structural and functional restrictions without causing damage to the nonrenewable cells of the CNS.

Unique anatomical features of the CNS {#s0005}
=====================================

The structures that comprise the BBB prevent the entry of infectious pathogens, inflammatory cells and circulating proteins such as antibodies and cytokines into the CNS. Cerebrovascular endothelial cells maintain tight intercellular junctions and very low rates of vesicular transport that differentiate them from other endothelium. A dense basement membrane ensheaths these cells which is then surrounded by a network of pericytes and astrocytic foot processes that actively maintains the integrity of the BBB ([Figure 1](#f0005){ref-type="fig"} ). In only a few specific locations within the CNS is the BBB 'fenestrated' and easier to cross.Figure 1Ultrastructural features of the blood--brain barrier. Within the CNS, capillary endothelial cells contain many fewer pinocytotic vesicles, greatly increased numbers of mitochondria, and have intercellular tight junctions. This is surrounded by a dense basement membrane, pericytes, and astrocytic foot processes. In contrast, general capillaries have intercellular clefts, fenestrae, and prominent pinocytotic vesicles (not shown).

The Virchow--Robin spaces immediately surrounding blood vessels that penetrate the surface of the brain are actually extensions of the subpial space ([Figure 2](#f0010){ref-type="fig"} ). These spaces contain macrophage-like cells with phagocytic and antigen-presenting capacities beyond those found within the brain parenchyma itself. Foreign antigens and lymphocytes pass through these spaces into the lymphatic channels of the head and neck. As a result, the Virchow--Robin spaces form well-defined sites, distinct from the brain itself, where important immunological reactions can take place. They typically become engorged with inflammatory cells during a variety of neurological infections ([Figure 3](#f0015){ref-type="fig"} ).Figure 2The Virchow--Robin space. This extension of the subpial space contains perivascular macrophages and can serve as a conduit through which foreign antigens and other leukocytes leave the CNS. (Adapted with permission from [@bib2]*Journal of the Neurological Sciences***100**: 3--8.)Figure 3Perivascular inflammation within the Virchow--Robin space. Infection within the CNS recruits many types of circulating leukocytes across the blood--brain barrier into the Virchow--Robin space. These cells can often extend into the brain parenchyma itself; this allows for direct interactions with infectious organisms and infected neural cells. (Adapted with permission from [@bib2]*Journal of the Neurological Sciences***100**: 3--8.)

The cerebrospinal fluid (CSF) is produced by cells of the choroid plexus which is contained within the ventricles of the brain. Its protein content, including antibodies and complement, are derived from the blood and are normally present at less than 1% of circulating levels. Conversely, the CSF contains abundant nutrients (glucose, amino acids, etc.) that many infectious pathogens can utilize. Furthermore, recirculation of the CSF throughout the subarachnoid space may disseminate microorganisms throughout the neuraxis. During a variety of infections within the leptomeninges or the brain parenchyma, the CSF contains inflammatory cells, antibodies and immunoregulatory cytokines.

Immune capabilities of intrinsic cells of the CNS {#s0010}
=================================================

In general, cells of the CNS lack expression of class I and class II major histocompatibility complex (MHC) antigens. While glial cells such as astrocytes can be induced to express these antigens *in vitro*, only microglia and perivascular macrophages reliably express MHC antigens during CNS infections *in vivo*. Neither of these cells appear to have the antigen-presenting capacity of dendritic cells that are found in other tissues.

In a murine model of viral encephalitis, many different cytokines are induced in the brain before inflammation develops, suggesting that intrinsic cells of the CNS produce these immunological mediators *in vivo*. Likewise, proinflammatory cytokines can be identified within microglial cells by immunocytochemistry using brain tissue specimens from autopsy cases of both acute and chronic human neurological infections. Despite often being the target of infection, neurons have not been reliably shown to express MHC antigens or release cytokines.

Entry of circulating inflammatory cells into the CNS {#s0015}
====================================================

At baseline, cerebrovascular endothelial cells express few adhesion molecules and nonactivated lymphocytes and monocyte/macrophages do not enter the CNS with any efficiency. With infection, however, a variety of adhesion molecules including ICAM-1 and VCAM-1 are upregulated on endothelial cell surfaces. Activated lymphocytes and monocytes can then extravasate across the BBB without regard to their antigenic specificity. The entry of T cells in particular is dependent on the expression of LFA-1. Lymphocytes that identify their antigen are selectively retained within the CNS while the remaining cells depart. Although multiple cell types within the CNS can probably present antigen to activated T cells, it is controversial whether any serve as primary activators of naive T cells.

Regulation of lymphocyte function within the CNS during infection {#s0020}
=================================================================

Once T cells have entered the brain, they produce cytokines but there is little evidence that they proliferate locally in response to antigenic stimulation. The pattern of cytokines produced depends on the type of infection and on the genetic background of the host. Nevertheless, data from several systems suggest that skewing of T cell responses towards the production of type 2 cytokines is more likely in the CNS than in other organs. Both the lack of proliferation and the preferential release of interleukin 4 (IL-4) and IL-10 may be due to the effects that brain-derived gangliosides exert on T cells.

Features of the immune response to specific types of pathogens within the CNS {#s0025}
=============================================================================

Viruses {#s0030}
-------

Viruses invade the CNS through hematogenous dissemination or by retrograde transport up neurons that have processes extending into sites of infection in the periphery. As intracellular pathogens, their tropism for different neural cells and effect on host cell function determine the severity of disease. The paucity of MHC antigen expression within the CNS can make the cytotoxic T lymphocyte (CTL)-mediated clearance of viruses difficult and may predispose to chronic or relapsing infections. Their capacity to establish latency also allows viruses to avoid detection by the immune system. In other circumstances, antiviral antibodies can shut off virus production by infected neurons in a noncytolytic manner and promote recovery from disease. During chronic CNS infection caused by human immunodeficiency virus (HIV), the long-term production of inflammatory mediators such as tumor necrosis factor α (TNFα) may promote the development of neurological symptoms.

Bacteria {#s0035}
--------

Bacteria require specific virulence factors to allow invasion of the CNS and production of disease. Organisms that cause acute meningitis are usually encapsulated; this inhibits phagocytosis and activation of complement through the classical pathway. As a result, these bacteria survive in the bloodstream longer and are more likely to invade the CNS. Once in the subarachnoid space, favorable conditions (i.e. limited intrinsic host defense, abundant nutrients) allow for rapid bacterial multiplication. Cytokines, particularly IL-1 and TNFα, are secreted in response to bacterial products and induce endothelial expression of adhesion molecules important for neutrophil egress. The production of other chemotactic stimuli including IL-8 also recruits neutrophils, but low levels of opsonins, antibody and complement in the CSF limit bacterial phagocytosis by these infiltrating cells. These responses combine to produce BBB dysfunction, leakage of protein and cerebral edema. Slow-growing bacteria adapted to survive inside macrophages, such as mycobacteria, induce mononuclear inflammatory responses and cause subacute or chronic disease.

Fungi {#s0040}
-----

Fungi are generally avirulent pathogens; most individuals with fungal infections of the CNS have some underlying immune deficiency. The greater frequency of these disorders in patients with impaired cell-mediated rather than humoral immunity implies that the former is the primary means of host defense against fungal pathogens that invade the CNS. In the setting of deficient cellular immunity, fungi can grow unchecked in the CSF without eliciting an inflammatory response. As a result, these infections are difficult to eradicate from the CNS completely and require long-term antifungal therapy. Mortality in general is high.

Parasites {#s0045}
---------

Only a few parasites frequently invade the nervous system. Free-living amoebae that cause acute meningitis enter the CNS by crossing the olfactory mucosa. All other parasites are assumed to enter from the bloodstream. Intracellular pathogens such as *Toxoplasma* may establish latent infections which reactivate in the face of acquired deficiencies of cellular immunity. The cysticerca of *Tania solium* induces an intense inflammatory reaction which may induce seizures. The organisms are eventually killed, leaving behind calcified nodules. Malaria, on the other hand, induces a toxic encephalopathy associated with ICAM-1-mediated adhesion of parasitized erythrocytes to cerebral capillary endothelial cells and induction of local cytokine production.

*See also:* {#mc0190}
===========
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